Cigarette smoking is a major risk factor for chronic obstructive pulmonary disease (COPD). Recent reports of increased matrix metalloproteinase-2 (MMP-2) in lungs of patients with emphysema support the paradigm of proteinase/antiproteinase imbalance in the pathogenesis of COPD. We sought to define the signaling pathways activated by smoke and to identify molecules responsible for emphysema-associated MMP-2 expression. In this study, we show that cigarette smoke extract (CSE) induced MMP-2 protein expression and increased MMP-2 gelatinase activity of normal lung fibroblasts. We previously identified a transcription factor, early growth response 1 (EGR-1), with robust expression in the lung tissues of patients with COPD compared with control smokers. Here, the treatment of fibroblasts with CSE resulted in marked induction of EGR-1 mRNA and protein in a dose-and time-dependent manner, accompanied by increased EGR-1 binding activity. CSE-induced MMP-2 mRNA and protein expression and activity were significantly inhibited using EGR-1 small interfering RNA (siRNA) or in Egr-1-null ؊/؊ mouse fibroblasts. Furthermore, we observed induction of membrane type 1 matrix metalloproteinase (MT1-MMP), which has an EGR-1-binding site on its promoter, in CSE-treated primary normal lung fibroblasts. The concomitant MT1-MMP expression and MMP-2 activation by CSE are inhibited by EGR-1 siRNA. Rapid activation of mitogen-activated protein kinases was observed in CSE-treated fibroblasts. Chemical inhibitors of ERK1/2 MAPK, but not of p38 and JNK, decreased CSE-induced EGR-1 protein expression and MMP-2 activity of fibroblasts. The identification that induction of MMP-2 and MT1-MMP by CSE from lung fibroblasts is EGR-1-dependent reveals a molecular mechanism for matrix remodeling in cigarette smoke-related emphysema.
CLINICAL RELEVANCE
The study helps improve our knowledge of the pathogenesis of cigarette smoke-induced emphysema.
interaction between individual genetic factors and environmental exposure to cigarette smoke. Cigarette smoke-induced emphysema is the major anatomic cause of COPD (1) (2) (3) . To better understand the candidate genes involved in the development of COPD in smokers, we previously performed serial analysis of gene expression (SAGE) (4) and microarray analysis to analyze the global gene expression profiles of lung tissues from smokers who are at risk (GOLD-0) and who have developed moderate (GOLD-2) COPD (5) . By analyzing the comprehensive data produced by SAGE and microarray, we have identified numerous classes of genes whose expression is altered in patients with COPD. Some of these genes have not been previously associated with COPD. Among the genes differentially expressed between moderate COPD and control smokers, early growth response 1 (EGR-1), a transcription factor, was identified with robust expression in the lung tissues of patients with COPD compared with control smokers. Further functional studies using lung fibroblasts from Egr-1 Ϫ/Ϫ mice suggested that EGR-1 might play a key role in the development of cigarette smoke-related emphysema partly by regulating matrix metalloproteinase (MMP)-2 activity (5).
MMP-2 belongs to the family of MMPs that are highly conserved metal atom-dependent proteinases, which, collectively, are capable of degrading almost all extracellular matrix components (6, 7) . Abnormal production and regulation of MMPs has been observed in a number of pathologic states, including emphysema (7, 8) . It is generally known that the proteolytic breakdown of basement membranes leads to the loss of alveolar attachments, which is a key irreversible step in parenchymal destruction in emphysema development (9, 10) . MMP-2 (gelatinase A) is one of the ECM-degrading proteases and was shown to cleave type I collagen, elastin, and degraded collagen that has been denatured into gelatin at normal body temperature; it has also been especially recognized as a major mediator of the degradation of basement membrane, which consists mainly of collagen type IV, laminin, and proteoglycans (11) . Human studies revealed higher MMP-2 levels in human lungs with emphysema compared with control lungs, with localization in fibroblasts and alveolar macrophages (12) . Cigarette smoke also increases MMP-2 content in mice bronchoalveolar lavage fluid (BAL) (13) . In addition, MMP-2 in cascade with membrane type 1 matrix metalloproteinase (MT1-MMP) and tissue inhibitor of metalloproteinase (TIMP)2 is reported to control ECM degradation during epithelial branching and alveolization for normal mice lung morphogenesis (14) . The above studies suggest that MMP-2 may play prominent roles in smoking-induced emphysema. However, the intracellular signaling mechanisms activated by tobacco smoke that mediate the MMP-2 function and subsequent matrix degradation in the lungs are not well understood. The present study was to characterize the role of EGR-1 in cigarette smoke-mediated induction and activation of MMP-2 in the structural pulmonary cells (lung fibroblasts). Primary fibroblasts from non-COPD lung were chosen to represent lung fibroblasts. Therefore, this model system was used to elucidate the early molecular responses activated by cigarette smoke that bring about MMP-2 activation associated with emphysema.
MATERIALS AND METHODS

Reagents
The monoclonal (anti) total MMP-2, active MMP-2, MT1-MMP, and TIMP2 antibodies were purchased from Abcam Inc. (Cambridge, MA , and SAPK/JNK antibodies were purchased from Cell Signaling Technology, New England Biolabs (Beverly, MA). The specific inhibitor of p38 MAPK SB-203580, the mitogen/extracellular signal-regulated kinase (MEK) inhibitors U-0126, and SAPK/JNK MAPK inhibitor SP600125 were from Calbiochem (San Diego, CA).
Primary Lung Fibroblast Isolation and Culture
Primary human lung fibroblasts (NL9) were cultured from donor lung tissue obtained from the University of California. The donor (49-yr-old male) was a smoker (33 pk-yrs) and died from head trauma after a fall from a building. Primary mouse lung fibroblasts were cultured from lung tissues of Egr-1 Ϫ/Ϫ and littermate control (Egr-1 ϩ/ϩ ) mice (gift of D. J. Pinsky, College of Physicians and Surgeons of Columbia University, New York). Fibroblast cell culture was performed as previously described (15) with a modification. Briefly, lung tissue was minced (1 mm) and pieces placed (15-20 pieces) into 100-mm culture dishes with a drop of serum onto each tissue piece. After 4 h incubation, the primary cultures were grown in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum and 1% penicillin/ streptomycin at 37ЊC and 5% CO 2 until confluence.
MTT Assay
Cellular toxicity and proliferation were measured by the MTT assay manufactured by Amresco (Solon, OH). Briefly, for each experimental condition, ‫ف‬ 2,000 cells were seeded in each well of a 96-well plate (eight repeats). Every group (n ϭ 8 in every group) was treated with varying concentrations of cigarette smoke extract (CSE) for 24 h at 37ЊC. Then, 5 mg/ml MTT was added to each well and incubated for 4 h. The cells were lysed by adding 150 l/well of dimethyl sulfoxide and read at 570 nm absorbance wavelength in microplate reader.
Preparation and Treatment of CSE
Nonfiltered research reference cigarettes (1R3F) were purchased from the University of Kentucky (Lexington, KY). CSE was prepared at a concentration of 1 cigarette/5 ml in serum-free DMEM with modifications to the methods described by Ishii and colleagues (16) . This medium was defined as 100% CSE and can be used after adjusting to pH 7.4 and filtering through a 0.22-m filter.
Synthesis of EGR-1 Small Interfering RNA and Transient Transfection of NL9 Cells
Double-stranded EGR-1 siRNA, targeting the coding region 1237-1258 relative to the start codon of EGR-1 gene, and a control scrambled duplex (sc EGR-1 small interfering RNA [siRNA]) (17) , were synthesized by Dharmacon, Inc. (Lafayette, CO). NL9 cells were grown to 60-70% confluence in 6-well tissue culture plates before transfection with either EGR-1 siRNA or sc EGR-1 siRNA using TransIT-TKO transfection reagent (Mirus, Madison, WI), according to the manufacturer's instructions with minor modifications. Briefly, EGR-1 siRNA or sc EGR-1 siRNA (100 nM) was incubated in 200 l Opti-MEMI containing 8 l of TransIT-TKO transfection reagent for 20 min. The complexes were added to the NL9 cells in 1 ml DMEM containing 10% FBS and 1% penicillin-streptomycin and incubated at 37ЊC for 24 h. Then the medium was replaced and the cells were used for CSE exposure.
Real-Time Quantitative RT-PCR
Total RNA was isolated with TRIzol (Invitrogen, Carlsbad, CA), cleaned with the RNeasy Mini Kit (Qiagen, Valencia, CA) and the DNA-free kit (Ambion, Austin, TX) according to the manufacturer's protocols. Quantitative (Q)RT-PCR was performed as described (18, 19) . Gene expressions were measured relative to the endogenous reference gene, human ␤-glucuronidase (␤-GUS) or mouse ␤-actin, using the comparative C T method described previously (19) . A calibrator RNA sample, human lung RNA or mouse lung RNA, was amplified in parallel to allow comparison of samples run at different times. The sequence of EGR1 QRT-PCR primers and probe is described in Ref. 5 . MMP-2 and MT1-MMP PCR primers were purchased from Applied Biosystems (Foster City, CA) (MMP2: Hs00234422_m1, and Mm00439508_m1; MT1-MMP: Hs00237119_m1, Mm00485054_m1).
Western Blot Analysis
Total cellular extracts or concentrated media were obtained and Western blotting was performed as described previously (20) . The antibodies used are rabbit anti-EGR1 antibody (1:500), phospho-specific and nonphospho-specific rabbit polyclonal antibodies to p38 MAPK, p44/42 MAPK, or SAPK/JNK (1:1,000), and mouse monoclonal antibodies to total or active specific MMP-2, TIMP2 (1:500), MT1-MMP (1:100), followed by incubation with horseradish peroxidase-conjugated antirabbit or anti-mouse antibody (1:2,000). All immunoblots were repeated in triplicate.
Gelatin Zymograghpy
Gelatin zymography for assaying MMP-2 was performed as described (21), with minor modifications. Briefly, fibroblasts were treated with CSE for 1-3 d. Culture media were concentrated using the Centricon-10 system (Amicon-Millipore, Bedford, MA). Concentrated medium (40 l) was electrophoresed on 10% pre-cast polyacrylamide gel containing 2 mg/ml gelatin (Invitrogen). After re-naturing, the gel was incubated in 1ϫ Zymogram Developing Buffer for 4 h at 37ЊC for maximum protease activity. All zymo-gels were repeated in triplicate.
Preparation of Nuclear Extracts and EGR-1 DNA Binding Activity Assay
Nuclear extracts were prepared from 4-h-CSE-treated NL9 cells using the Nuclear Extraction Kit (Panomics, Redwood City, CA), and EGR-1 DNA binding activity was measured using the BD Mercury TransFactor Kit (BD Biosciences, Palo Alto, CA) according to the manufacturer's instructions. Three independent experiments were performed, each with triplicate determinations. Statistical significance was determined by the Student's t test for paired data points comparing treated with control samples. P values Ͻ 0.05 were considered significant. Data are presented as mean Ϯ SE of triplicate determinations.
RESULTS
CSE Induces MMP-2 Protein Production, and MMP-2 Activity in NL9 Fibroblasts
Similarly to other members of the metalloproteinase family, MMP-2 is secreted as a pro-enzyme, then activated by proteolytic cleavage extracellularly (6, 7) . To study the effect of CSE on MMP-2 production, NL9 fibroblast cells were exposed to exogenous CSE. Media samples were collected and the production of MMP-2 was assessed by Western blot using the anti-MMP-2 monoclonal antibody. As shown in Figure 1A , CSE increased MMP-2 production in a dose-dependent manner. At a lower dose (10%), CSE stimulated MMP-2 production slightly, while 20% CSE-exposed NL9 cells produced significantly more MMP-2 than control. The effect of CSE on MMP-2 production was also time dependent ( Figure 1B ). Significant increases in MMP-2 production in concentrated media were seen after 24 h exposure to CSE (20%) compared with untreated controls. No significant differences in NL9 cell viability were observed as assessed by MTT assay after 24 h exposure to 20% CSE (1.16 Ϯ 0.05) compared with control cells (1.2 Ϯ 0.07). Decreased viability of cells were observed at the ceiling of dose-response at 50% CSE (0.49 Ϯ 0.07).
We further measured MMP-2 activity in NL9 concentrated culture media using standard gelatin zymography. Zymography revealed three bands corresponding to the latent (72-kD), intermediary (64-kD), and active (62-kD) forms of MMP-2 ( Figure  1C ). Figure 1C shows that the activities of active MMP-2 were significantly increased in a time-dependent manner after 3 d of CSE exposure compared with untreated controls. The above data demonstrate that cigarette smoke can stimulate MMP-2 expression and activation of human lung fibroblasts.
CSE Induces EGR-1 mRNA, Protein Expression, and EGR-1 DNA Binding Activity in NL9 Fibroblasts
Our previous study (5) identified a ubiquitous transcription factor, early growth response (EGR-1), with more robust expression in lung tissues of patients with COPD than in control smokers using SAGE and microarray analysis. We also demonstrated EGR-1 involvement in cytomix (TNF-␣, IL-1␤, IFN-␥)-induced MMP-2 activity using lung fibroblasts from Egr1 Ϫ/Ϫ and Egr1 ϩ/ϩ control mice. Here, human NL9 cells were exposed to CSE to determine whether cigarette smoke can induce EGR-1 expression. A QRT-PCR analysis showed that in response to 20% CSE, EGR-1 mRNA expression quickly reached its maximal level at 30 min, and then decreased after 4 h (Figure 2A ). The increase of EGR-1 mRNA expression was reflected in increased EGR-1 protein production and EGR-1 transcriptional activity, respectively. Western blot analysis using polyclonal anti-EGR-1 antibodies shows that the increase in EGR-1 protein expression occurs in time-dependent (0.5-4 h) ( Figure 2B ) and dose-dependent manners ( Figure 2C ) in NL9 cells exposed to exogenous CSE. Nuclear extracts prepared from CSE-treated NL9 fibroblasts were assayed for EGR-1 transcriptional activity, as measured by the binding activity of EGR-1 to its consensus oligonucleotide sequence. In our previous work, we have reported a time-dependent increase in the binding activity of Egr-1 with its maximal level at 4 h (5). Here in Figure 2D , significant dose-dependent increases in EGR-1 transcriptional activity were observed in NL9 nuclear extracts after exposure to CSE compared with untreated controls. To evaluate the role of EGR-1 in cigarette smoke-mediated MMP-2 induction in NL9 cells, small interfering RNA duplexes (EGR-1 siRNA) were used to block EGR-1 protein production. The results presented in Figure 3 confirm that NL9 cells transfected with EGR-1 siRNA show a significant reduction in EGR-1 mRNA ( Figure 3A ) and protein expression ( Figure 3B ), compared with cells transfected with sc EGR-1 siRNA, in response to the 20% CSE treatment. Furthermore, the CSE (20%)-induced MMP-2 mRNA expression ( Figure 3C ) and activity ( Figure 3D ) were reduced in NL9 cells transfected with EGR-1 siRNA as assessed by QRT-PCR and standard gelatin zymography, respectively. The maximal reduction (65%) of MMP-2 activity was observed when NL9 cells were transfected with 100 nM EGR-1 siRNA ( Figure 3D, bottom) . The data in Figure 3D shows that transfection of NL9 cells with sc EGR-1 siRNA does not have any inhibitory effect on CSE-induced MMP-2 activity.
CSE Cannot Induce MMP-2 Production and Activation in Lung Fibroblasts from Egr-1 ؊/؊ Mice
We used lung fibroblasts from mice in which the Egr-1 gene was deleted to further confirm whether CSE was modulating the MMP-2 response through Egr-1. Lung fibroblasts from Egr-1
and Egr-1 ϩ/ϩ mice were exposed to CSE; cells and culture media were collected for Western blot analysis. Figure 4A shows that CSE can induce Egr-1 expression in lung fibroblasts from Egr-1 ϩ/ϩ control mice in a dose-dependent manner. We observed markedly significant decreased MMP-2 mRNA expression in Egr-1 Ϫ/Ϫ cells compared with Egr-1 ϩ/ϩ cells after CSE ( Figure  4B ). Western blots of media samples using (anti) total or active MMP-2 monoclonal antibodies shows that CSE could increase MMP-2 protein production and activation in culture media of lung fibroblasts from Egr-1 ϩ/ϩ mice ( Figures 4C and 4D ), whereas total MMP-2 were almost completely abolished in media of CSEtreated lung fibroblasts from Egr-1 Ϫ/Ϫ mice ( Figure 4C ).
EGR-1 Regulates CSE-Induced MT1-MMP
The aforementioned results suggest that transcription factor EGR-1 is involved in the CSE-induced MMP-2 activation. However, there is not a well-characterized EGR-1 regulatory element reported in the MMP-2 promoter. It has been established that pro-MMP-2's activation occurs mostly via a mechanism of trimolecular complex formation consisting of the zymogen MT1-MMP and TIMP2 (22), and the MT1-MMP promoter has a binding site for EGR-1 (23) . To test the potential role of membranebound MT1-MMP in EGR-1-regulated CSE responses in cells, NL9 cells were exposed to 20% CSE and the cell lysates were used in Western blot analysis using monoclonal anti-MT1-MMP antibodies. Figure 5A shows that CSE (20%) can quickly induce MT1-MMP expression in NL9 cells. The peak MT1-MMP expression was observed at 2 h of treatment and disappeared after that time point. Meanwhile, we also measured a significant accumulation of MT1-MMP in concentrated media of NL9 after 2 d CSE exposure ( Figure 5B ). This increased accumulation of MT1-MMP is consistent with the CSE-increased active MMP-2 protein level in concentrated NL9 media as determined by Western blotting ( Figure 5B ). We also observed that CSE-induced MT1-MMP mRNA expression ( Figure 5C ) was reduced in NL9 cells transfected with EGR-1 siRNA as assessed by QRT-PCR. We observed markedly significant decreased MT1-MMP mRNA expression in Egr-1 Ϫ/Ϫ cells compared with Egr-1 ϩ/ϩ cells after CSE ( Figure 5E ). Subsequent analysis in concentrated media of CSE-treated NL9 cells that were transfected with EGR-1 siRNA shows that CSE-induced MT1-MMP protein production is markedly reduced when EGR-1 protein production is knocked down in NL9 cells transfected with EGR-1 siRNA (100 nM), compared with sc EGR-1 siRNA as detected with Western blotting ( Figure 5D ). Figure 5D also shows that this knockdown of EGR-1 protein attenuates active MMP-2 production in concentrated CSEtreated NL9 cell media. The activation of MMP-2 is also tightly controlled by its inhibitor TIMP2, the third component in the complex. Figure 5D shows that CSE (20%) has no apparent effect on TIMP2 protein level in concentrated media of NL9 cells. As seen in Figure 5D , TIMP2 expression did not change with transfection with either EGR-1 siRNA or sc EGR-1 siRNA in the presence of CSE (20%). Taken together, these findings suggest that MT1-MMP is involved in CSE-induced, EGR-1 regulated MMP-2 activation of NL9 cells. 
ERK1/ERK2 MAP Kinase Pathway Is Involved in CSE-Induced MMP-2 Activation in NL9 Fibroblast Cells
Recent studies have reported that CSE exerts its biological effects via the MAPK signaling pathway in several cell culture systems (24, 25) . In addition, the mitogen-activated protein kinase (MAPK), extracellular signal-regulated protein kinase (ERK1/2), is involved in MMP expression (26, 27) . To define MAPK intracellular signaling pathways mediating lung fibroblast MMP-2 induction by cigarette smoke, NL9 cells were exposed to 20% CSE to determine the activation of members of the MAPK superfamily. The levels of protein expression of ERK1/2, p38, and JNK in CSE (20%)-treated NL9 cells were assessed by Western blot analysis, using the corresponding phospho-specific and non-phospho-specific antibodies. The phospho-specific antibodies detect the phosphorylated forms of ERK1/2, p38, and JNK, whereas the corresponding non-phospho-specific antibodies detect total protein, independent of phosphorylation state. As shown in Figure 6A , 20% CSE caused significant increases in the phosphorylation of all three MAPK members within 15 min of exposure. The peak phosphorylation of ERK1/2 and p38 was observed at 15 min and declined at 30 min, whereas the maximal increase in phosphorylation of JNK occurred at 15-30 min and decreased after 1 h.
Since the major MAPKs were all activated by cigarette smoke, we used specific chemical inhibitors to pretreat NL9 cells before 20% CSE exposure to investigate whether CSE was modulating the functional response through one of the MAP kinase pathways. Ten micromolars of U-0126 (a selective inhibitor of MEK1/MEK2, the kinase upstream of ERK1/2) reduced CSE-mediated EGR-1 induction ( Figure 6B ). The p38 MAPK inhibitor SB 203580 (10 M) and JNK MAPK inhibitor SP600125 (10 M) had no effect on EGR-1 expression ( Figure  6B ). Based on these experiments using chemical inhibitors of p38 and JNK MAPK, these data indicate that p38 and JNK MAPK are not involved in CSE-induced EGR-1 expression in NL9 cells.
Furthermore, MT1-MMP production in concentrated media of CSE-exposed NL9 cells with or without U-0126 pretreatment was examined using Western blotting, and MMP-2 activity was detected using zymography. As shown in Figure 6 , exposure with 20% CSE induced MT1-MMP protein level ( Figure 6C ) and MMP-2 activity ( Figure 6D ) in culture media from NL9 cells. These inductions were both significantly decreased (MMP-2 activity decreased 60% as shown in Figure 6D, bottom) by U-0126. It is noteworthy that these data support the role of ERK MAPK activation in response to cigarette smoke.
DISCUSSION
Cigarette smoke, a complex mixture of chemicals containing more than 4,000 different constituents including toxins, is the most important cause of COPD (28) . Inhalation of toxins is thought to lead to a chronic inflammatory process that is quite widespread and extends to the whole airways and lung parenchyma, but principally centers around the net increase in proteolytic activity leading to the loss of alveoli function as a result of cigarette smoking. A variety of proteinases may be responsible, including MMPs, serine proteinases (such as neutrophil elastase), and cysteine proteinases (8) . Correlative studies in human emphysematous lung tissue have demonstrated the presence of MMP-1, -2, -3, -8, -9, -12, -13, and MT1-MMP (29) . Even though MMP-2 (gelatinase A) is one of the ECM-degrading proteases and was shown specifically to degrade basement membranes in capillary sprouting, epithelial branching, tissue remodeling, and tumor metastasis (14, 30, 31) , the role of MMP-2 in cigaretterelated emphysema development is not well known. There are reports of higher MMP-2 production in mice BAL fluid after cigarette smoke exposure (13) , but no change in BAL fluid from subjects with emphysema and from healthy volunteers (32) . One investigation using the immunolocalization of MMP-2 showed elevated levels of MMP-2 and MMP-14 in macrophages, as well as type II cells and fibroblasts in emphysematous lungs (12) ; however, another report observed unaffected MMP-2 activity in fibroblasts in collagen gel culture exposed to cigarette smoke (33) . In our study, 20% CSE directly induced MMP-2 protein expression and increased the MMP-2 gelatinase activity of lung fibroblasts from smokers without COPD compared with those from untreated control subjects, without significant viability changes in these cells (data not shown). This observation is consistent with Kohno and colleagues' report that hyperoxiaactivated MMP-2 played key roles in rat emphysematous changes (34) . Our data suggest that cigarette smoke-activated MMP-2 is an important proteinase participating in the alveolar destruction that leads to emphysema. Furthermore, the intracellular signaling mechanism involved in this MMP-2 activation is also elucidated.
Besides the risk factors that are involved in airway obstruction of COPD such as smoke components, smoking manner, and passive smoke exposure (35) , genetic predisposition is also considered a key factor that affects the pulmonary response to the inhalation of cigarette smoke and the production of airway obstruction (2, 36, 37) . Here we found that EGR-1 may represent a key molecule that regulates downstream target genes in the pathogenesis of COPD.
EGR-1, a zinc finger transcription factor, has been termed an immediate-early response protein, and is rapidly activated in a wide variety of cells by multiple extracellular stimuli and environmental stresses (38, 39) . As a major transcription factor, once activated, EGR-1 controls the expression of a diverse array of target genes encoding growth factors (platelet-derived growth factor, TGF-␤1); cytokines (TNF-␣); transcription factors (Id1); repair enzyme systems; cell cycle factors (p21, p53); apoptotic factors (Fas); proteases (MIT1-MMP); and stress response (HO-1) (39, 40) . These target genes are involved in a variety of processes including proliferation, apoptosis, and differentiation. EGR-1 has been reported to be highly expressed in late-stage emphysema (41) and lung tissues of smokers with moderate COPD (5, 40) . However, the potential function of EGR-1 involved in smoke-related COPD pathogenesis is poorly understood. Our data show that CSE can quickly alter EGR-1 expression and DNA-binding activity in human lung fibroblasts. CSE-induced MMP-2 activity was significantly inhibited using EGR-1 siRNA or in Egr-1 Ϫ/Ϫ mouse fibroblasts. Interestingly, constitutive expression of MMP-2 was also significantly reduced in Egr-1 Ϫ/Ϫ mouse fibroblasts, suggesting that Egr-1 also regulates basal expression of MMP-2 in fibroblasts. The present study strongly links the transcription factor EGR-1 to downstream effector MMP-2 mediating the alveolar destruction of emphysema.
Although there are no EGR-1-binding sites reported in the MMP-2 promoter, studies showed that the activation of MMP-2 correlates with the expression of MT1-MMP (42), whose promoter has a binding site for EGR-1 (23) . This process is thought to involve a trimer formation of MT1-MMP, pro-MMP-2, and TIMP2. The concentrations of the two molecules: the free MT1-MMP and the trimer MT1-MMP·TIMP2·pro-MMP2 (22) , are critical in determining the net level of MMP-2 activation. Sho and colleagues (42) reported that disproportional increase in MT1-MMP and TIMP2 by flow and shear stress contributed to MMP-2 activation. We observed that MMP-2, MT1-MMP, and TIMP2 are expressed constitutively in human lung fibroblasts. Lysates from NL9 cells incubated in the absence (CTL) or in the presence of CSE (20%) for the indicated times were subjected to Western blot analysis using phospho-specific antibodies (A, top to bottom) to detect ERK1/2, p38 MAPK, or JNK. As controls, the same cell lysates were subjected to Western blot analysis using corresponding nonphospho-specific antibodies to detect total ERK1/2, total p38 MAPK, or total JNK. Quantitation of Western blot immunoblots were performed by densitometric scanning of blots (A, bottom) (* , The concomitant MMP-2 activation and MT1-MMP synthesis by CSE which can be significantly inhibited using EGR-1 siRNA, in the absence of a corresponding increase in TIMP2 levels, could shift the balance in favor of increased production of catalytically active MMP-2 and is likely responsible for the alveolar destruction that leads to emphysema. The investigation of the role of EGR-1 in cigarette smoke-mediated MT1-MMP/TIMP2/ pro-MMP-2 function would further our understanding of molecular pathways involved in the weakening lung parenchyma and the development of emphysema.
It has been shown that MAPK activation is involved in cigarette smoke-induced mucus production, airway inflammation, and MMP-1 expression seen in alveolar destruction (24, 43, 44) . The ERK MAPK pathway is also implicated in EGR-1 activation associated with angiogenesis (45) . The present study reveals a novel mechanism for matrix remodeling in COPD in which MMP-2 is induced by cigarette smoke in lung fibroblasts in an ERK-EGR1-dependent manner.
We used primary human lung fibroblasts in our studies. It is most likely that macrophages and neutrophils are the presumed in vivo source of injurious proteinases responsible for emphysema (46) . Recent reports have shown that increased MMP-1 mRNA and protein levels and activation are directly induced by cigarette smoke in human small airway epithelial cells (24) and fetal lung fibroblasts (HFL-1) (25) . All the information indicates that structural pulmonary cells as well as inflammatory cells are the source of enzymes that degrade lung tissue in emphysema, in addition to inflammatory cells (46) . Our results demonstrate that in addition to its traditional function in maintenance of the extracellular matrix and in tissue repair after injury (47) , the pulmonary fibroblast is much more than a target structural cell and can contribute directly to basement membrane disruption during cigarette-related COPD through MMP-2 production (48) .
In summary, the present study demonstrates that cigarette smoke induces MMP-2 production and activation in the absence of a complete inflammatory program using human lung fibroblasts. These results support the paradigm of proteinase/antiproteinase imbalance in the pathogenesis of cigarette-related COPD (49) . This increase in MMP-2 activation is due, at least in part, to a transient activation of signaling through ERK1/2 MAPK, transcription factor EGR-1, and MT1-MMP contributing to alveolar destruction. These acute effects of cigarette smoking on ECM degradation may have a role in the early stages of COPD development. The coordinated regulation of MMP-2 and MT1-MMP by EGR-1 may also contribute to the role that EGR-1 plays in the development of cigarette smoking-related COPD.
